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The  cycling  performance  of  LiPF4(C204)  (LiFOP)  electrolyte  with  propylene  carbonate  (PC)  as  a  cosolvent 
is  compared  with  LiPF6  electrolyte  with  ethylene  carbonate  (EC)  as  a  cosolvent  in  the  presence  of  different 
cathode  materials,  such  as  LiNi1/3Coi/3Mn1/302  and  LiFeP04.  The  cycling  performance  of  cells  with  LiFOP 
and  PC  is  similar  to  cells  with  LiPF6  with  EC  at  room  temperature  and  superior  at  low  temperature  ( - 1 0  ° C). 
After  thermal  abuse  the  room  temperature  performance  of  cells  with  LiFOP  electrolyte  and  PC  is  worse 
than  cells  with  LiPF6  and  EC.  A  detailed  analysis  of  the  surface  films  on  both  the  anode  and  the  cathode 
via  X-ray  photoelectron  spectroscopy  (XPS),  scanning  electron  microscopy  (SEM)  and  Fourier  transfer 
infrared  spectroscopy  (FT-IR)  in  the  attenuated  total  reflection  (ATR)  mode  was  conducted  to  provide  a 
better  understanding  of  performance  differences. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Since  lithium-ion  batteries  (LIB)  have  the  highest  gravimet¬ 
ric  and  volumetric  energy  densities  they  have  become  one  of  the 
most  important  commercially  produced  rechargeable  batteries  [1  ]. 
The  incorporation  of  lithium-ion  batteries  into  portable  electronic 
devices  has  been  occurring  for  over  a  decade,  but  incorporation  of 
LIB  into  electric  vehicles  is  just  beginning.  Electric  vehicle  applica¬ 
tions  require  a  superior  retention  of  performance  (10-15  years  of 
calendar  life)  over  a  greater  range  of  temperatures  (-30  to  60  °C). 
The  electrolyte  used  in  commercial  lithium-ion  batteries  are  com¬ 
posed  of  LiPF6  dissolved  in  organic  carbonates  or  esters,  among 
which  ethylene  carbonate  (EC)  is  a  required  component  due  to  the 
importance  of  EC  in  the  formation  of  the  anode  solid  electrolyte 
interphase  (SEI)  [2].  However,  the  required  incorporation  of  EC 
leads  to  poor  performance  at  low  temperature  due  to  its  high  melt¬ 
ing  point  (36.4  °C)  [3  ].  Propylene  carbonate  (PC)  is  a  good  candidate 
for  improving  low  temperature  performance  due  to  a  low  melting 
point  (-48.8  °C),  and  comparable  dielectric  constant  (65)  compared 
to  EC  (90)  [3].  Unfortunately,  replacing  EC  for  PC  in  a  LiPF6  battery, 
results  in  continuous  electrolyte  reduction  and  exfoliation  of  the 
graphite  anode  [4]. 

Much  effort  has  been  directed  toward  the  development  of 
new  salts  for  the  electrolyte  of  lithium-ion  batteries.  However, 
an  alternative  salt  with  properties  superior  to  LiPF6  has  not 
been  developed.  We  have  been  conducting  a  detailed  analysis  of 
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a  novel  salt,  lithium  tetrafluorooxalatophosphate  [LiPF4(C204)], 
which  shows  many  comparable  properties  with  LiPF6,  including 
ionic  conductivity,  electrochemical  stability  window,  and  cycling 
stability  [5-9].  However,  LiPF4(C204)  has  much  better  thermal  and 
hydrolytic  stability  and  performance  retention  upon  accelerated 
aging.  While  initial  investigations  of  LiPF4(C204)  with  mesocarbon 
microbead  (MCMB)  graphite  suggested  more  irreversible  capacity 
during  initial  formation  cycles  compared  to  LiPF6,  investigations  of 
natural  graphite  anodes  revealed  very  similar  irreversible  capac¬ 
ity  during  formation  cycles  for  LiPF4(C204)  and  LiPF6  [9].  This 
unique  combination  of  properties  makes  LiPF4(C204)  an  interesting 
alternative  to  LiPF6.  Related  investigations  of  lithium  bis(oxalato 
borate)  (LiBOB)  uncovered  that  LiBOB  cycled  well  in  PC  based  elec¬ 
trolytes  [10].  The  authors  concluded  that  reduction  of  the  LiBOB 
salt  on  the  anode  resulted  in  the  generation  of  an  SEI  which  pre¬ 
vented  graphite  exfoliation.  It  is  likely  that  other  oxalate  containing 
salts  such  as  LiBF2(C204)  and  LiFOP  would  have  similar  cyclability 
with  PC  [11,12].  We  report  herein  an  investigation  of  LiFOP  in  PC 
based  electrolyte.  The  cycling  properties  were  investigated  with  a 
natural  graphite  anode  and  either  LiNi1/3Co1/3Mn1/302  or  LiFeP04 
cathodes  to  confirm  reversible  cycling  behavior  of  LiFOP/PC  elec¬ 
trolytes.  A  comparison  of  the  low  temperature  cycling  performance 
of  LiPF6/FC  electrolyte  and  LiPF4(C204)/PC  electrolyte  was  also  con¬ 
ducted. 

2.  Experimental 

A  standard  electrolyte  composed  of  1.2  M  lithium  hexa- 
fluorophosphate  (LiPF6)  in  3:7  (vol)  ethylene  carbonate 
(EC)/ethylmethyl  carbonate  (EMC)  from  Novolyte  Corporation 
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was  used  without  further  purification  (LiPFg  electrolyte).  Lithium 
tetrafluorooxalatophosphate,  LiPF4(C204),  was  synthesized  as 
described  previously  [6].  LiPF4(C204)  (1.2  M)  was  dissolved 
in  propylene  carbonate  (PC)/EMC  (3:7,  vol)  to  generate  the 
LiPF4(C204)  electrolyte  (LiFOP  electrolyte).  Battery  grade  car¬ 
bonate  solvents,  PC  and  EMC,  were  obtained  from  Novolyte 
Corporation. 

Coin  cells  (CR2032)  were  fabricated  in  a  glove  box  with 
argon  of  high  purity.  The  anodes  are  natural  graphite  with  car- 
boxymethyl  starch  (CMS)  binder  and  an  active  material  loading 
of  6.0  mg  cm-2.  The  cathodes  of  lithium  iron  phosphate  (LiFeP04) 
contain  LiFeP04  powder  with  PVDF  binder  and  were  obtained 
from  MTI  and  had  an  active  material  loading  of  17.5  mg  cm-2. 
The  cathode  of  LiNi1/3Co1/3Mn1/302  cells  is  composed  of  92.8% 
LiNi1/3Co1/3Mn1/302  active  material,  4.0%  PVDF,  and  3.2%  acety¬ 
lene  black  conductive  material  and  was  obtained  from  Lawrence 
Berkeley  National  Laboratory  (LBNL)  and  had  an  active  material 
loading  of  13.5  mg  cm-2.  Between  each  anode  and  cathode  there  is 
a  polypropylene  separator  which  contains  30  fxL  of  electrolyte.  The 
coin  cells  were  cycled  with  a  constant  current-constant  voltage 
charge  and  a  constant  current  discharge  between  4.1  V  and  3.0  V 
using  a  battery  cycler  (BT-2000  Arbin  cycler,  College  Station,  TX). 
The  cells  were  cycled  with  the  following  formation  procedures:  first 
cycle  at  C/20,  second  and  third  cycle  at  C/10  and  remaining  two 
cycles  at  C/5.  After  the  initial  five  formation  cycles  the  cells  were 
cycled  at  C/5  rate  for  5  cycles  at  room  temperature,  then  5  cycles  at 
C/10  rate  at  -10  °C.  A  Tenny  environmental  chamber  was  used  to 
control  the  temperature  (±1  °C).  The  cells  were  sealed  with  epoxy 
(Torrseal  equivalent,  Varian)  and  stored  at  55  °C  for  one  week  to 
simulate  accelerated  aging.  The  stored  cells  were  cycled  at  C/5  rate 
for  5  cycles  at  room  temperature  again,  then  5  cycles  at  C/10  rate 
at  -10  °C.  Multiple  cells  of  each  type  were  constructed  and  cycled 
with  good  reproducibility.  One  set  of  coin  cells  were  opened  for 
surface  analysis  after  formation  cycling,  and  another  set  of  coin 
cells  were  opened  for  surface  analysis  after  all  cycles  simulating 
accelerated  aging. 

The  cells  were  opened  in  an  Ar  glove  box  after  cycling  and 
the  electrodes  were  extracted  for  surface  analysis.  The  electrodes 
were  rinsed  with  dimethyl  carbonate  (DMC)  three  times  prior  to 
surface  analysis.  The  XPS  spectra  were  acquired  with  a  PHI  5500 
system  using  A1  Ka  radiation  (ftv  =  1486.6  eV)  under  ultra  high  vac¬ 
uum.  Characterization  of  XPS  peaks  was  made  by  recording  XPS 
spectra  for  reference  compounds,  which  would  be  present  on  the 
electrode  surfaces:  LiF,  Li2C03,  LixPOyFz  and  lithium  alkylcarbon- 
ate.  The  graphite  peak  at  284.3  eV  was  used  as  a  reference  for  the 
final  adjustment  of  the  energy  scale  in  the  spectra.  Lithium  was 
not  monitored  due  to  its  low  inherent  sensitivity  and  small  change 
of  binding  energy.  The  spectra  obtained  were  analyzed  by  Mul- 
tipak  6.1  A  software  and  fitted  using  XPS  peak  software  (version 
4.1).  A  mixture  of  Lorentzian  and  Gaussian  functions  was  used 
for  the  least-squares  curves  fitting  procedure.  Scanning  electron 
microscopy  (SEM)  images  were  taken  on  a  JEOL  5900  Scanning  Elec¬ 
tron  Microscope.  Fourier  transfer  infrared  spectroscopy  (FT-IR)  was 
conducted  on  a  Thermo  Scientific  Nicolet  iSlO  Spectrometer  with 
an  attenuated  total  reflection  (ATR)  accessory.  The  spectra  were 
acquired  with  a  resolution  of  4  cm-1  and  a  total  of  128  scans. 


3.  Results  and  discussion 

3.1.  Cycling  performance 

3.1.1.  Cycling  performance  of  natural 
graphite/LiNi \j3Cox /3Mn ? j3 02  cells 

Lithium-ion  coin  cells  were  constructed  containing  LiPF6 
and  LiFOP  electrolytes  and  natural  graphite/LiNi! /3Co1/3Mn1/302 


thermal  storage  at  55  °C 


Cycle  numbers  (n) 

Fig.  1.  Cycling  performance  of  1.2  M  LiPF6  in  3:7  EC/EMC  and  1.2  M  LiFOP  in  3:7 
PC/EMC  in  natural  graphite/LiNii/3Coi/3Mni/302  cells. 


electrodes.  The  first  cycle  efficiency  of  the  LiPF6  and  LiFOP  elec¬ 
trolytes  were  similar  at  87.4%  and  88.2%,  respectively.  After  initial 
formation  cycles  the  cells  containing  LiFOP  electrolyte  have  a  very 
similar  cycling  performance  to  the  cells  containing  LiPF6  electrolyte 
(Fig.  1).  When  the  cells  were  cooled  to  -10  °C  for  low  temper¬ 
ature  cycling,  the  first  cycle  discharge  capacities  of  both  sets  of 
coin  cells  dropped  to  ~100mAhg-1.  However,  the  cells  contain¬ 
ing  LiFOP  electrolyte  have  better  discharge  capacity  retention  than 
the  cells  containing  LiPF6  electrolyte  at  -10  °C.  Then  cells  were 
then  stored  at  55  °C  for  one  week  to  simulate  accelerated  aging. 
After  aging,  the  discharge  capacities  of  both  sets  of  coin  cells  are 
reduced  compared  to  the  initial  room  temperature  discharge  capac¬ 
ities.  The  discharge  capacity  of  cells  containing  LiPF6  electrolyte 
is  higher  (~130mAhg-1)  than  that  of  cells  containing  LiFOP  elec¬ 
trolyte  (~100  mAhg-1 ).  Upon  cycling  the  cells  at  low  temperature 
(-10  °C)  for  a  second  time,  both  sets  of  coin  cells  have  poor  per¬ 
formance  with  a  low  discharge  capacity  (~35  mAh  g-1 ).  The  results 
suggest  that  while  LiFOP  can  stabilize  the  anode  SEI  in  the  presence 
of  PC  at  room  temperature,  upon  storage  at  elevated  temperature, 
1  week  at  55  °C,  the  protective  anode  SEI  is  damaged. 

3.1.2.  Cycling  performance  of  natural  graphite/LiFeP04  cells 

Lithium-ion  coin  cells  (natural  graphite/LiFeP04)  were  con¬ 
structed  with  LiPF6  and  LiFOP  electrolytes.  The  first  cycle  efficiency 
of  the  LiPFg  and  LiFOP  electrolytes  were  similar  at  89.9%  and 
83.9%,  respectively.  Upon  initial  formation  cycles  the  cells  con¬ 
taining  LiFOP  electrolyte  have  slightly  higher  discharge  capacity 
than  the  cells  containing  LiFOP  electrolyte  (Fig.  2).  When  the  cells 
were  cooled  to  -10  °C  for  low  temperature  cycling,  the  first  cycle 
discharge  capacities  of  both  sets  of  coin  cells  dropped  signifi¬ 
cantly.  However,  the  cells  containing  LiFOP  electrolyte  retained 
more  capacity  (49  mAh  g-1)  than  the  cells  containing  LiPF6  elec¬ 
trolyte  (12  mAhg-1 ).  After  low  temperature  cycling  the  cells  were 
stored  at  55  °C  for  one  week  and  then  cycled  at  room  temperature. 
The  discharge  capacity  of  the  aged  cells  containing  LiPFg  electrolyte 
is  higher  (~110mAhg-1)  than  that  of  aged  cells  containing  LiFOP 
electrolyte  (~80mAhg-1).  The  cells  were  returned  to  -10  °C.  Both 
sets  of  cells  have  very  poor  low  temperature  performance  after 
accelerated  aging  (<10mAhg-1).  These  results  are  quite  similar 
to  what  was  observed  from  natural  graphite/LiNi! /3Co!/3Mn!/302 
electrodes. 
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Fig.  2.  Cycling  performance  of  1.2  M  LiPF6  in  3:7  EC/EMC  and  1.2  M  LiFOP  in  3:7 
PC/EMC  in  natural  graphite/LiFeP04  cells. 


3.2.  SEM  analysis 


are  no  apparent  changes  either  after  formation  or  aging.  The  surface 
morphology  is  retained. 

The  SEM  images  of  a  natural  graphite  anode  fresh  and  cycled 
with  a  LiFeP04  are  provided  in  Fig.  5.  After  formation,  there  are  only 
small  changes  occurring  to  the  surface  of  the  anodes  cycled  with  dif¬ 
ferent  electrolytes  (Fig.  4b  and  c).  The  surface  of  the  anode  materials 
after  formation  with  either  electrolyte  contains  a  thin  amorphous 
coating  consistent  with  the  formation  of  an  SEI.  After  accelerated 
aging  a  significant  difference  is  observed  between  the  anodes.  On 
the  surface  of  anode  aged  with  LiPF6  electrolyte,  a  thicker  surface 
coating  is  observed  compared  to  the  anode  after  formation  cycling 
with  LiPF6  electrolyte,  but  the  original  natural  graphite  particles  are 
retained  (Fig.  4d).  The  anode  aged  with  LiFOP  (Fig.  4e)  electrolyte 
appears  very  different  than  the  anode  after  formation  cycling  with 
LiFOP  electrolyte.  The  anode  surface  is  a  uniform  layer  of  small  par¬ 
ticles.  The  original  structure  of  the  natural  graphite  particles  is  no 
longer  observed.  This  suggests  accelerated  aging  of  the  LiFOP  elec¬ 
trolyte  significantly  damages  the  anode  surface  or  a  thick  layer  of 
SEI  is  generated  on  the  anode  surface.  The  changes  to  the  anode 
structure  are  similar  to  the  observation  of  anode  samples  from 
natural  graphite/LiNi1/3Co1/3Mn1/302  coin  cells,  as  discussed  above. 

The  SEM  images  of  a  LiFeP04  cathode  fresh  and  after  cycling 
with  LiPF6  and  LiFOP  electrolytes  are  provided  in  Fig.  6.  The  surface 
of  either  formed  or  aged  cathodes  of  both  electrolytes  look  very 
similar  to  the  fresh  cathode,  suggesting  that  any  changes  occurring 
to  the  surface  are  small. 


The  SEM  images  of  a  natural  graphite  anode  fresh  and  cycled 
with  a  LiNi1/3Co1/3Mn1/302  cathode  are  provided  in  Fig.  3.  After 
formation  cycles,  only  small  changes  have  occurred  to  the  surface 
of  the  anodes  in  both  electrolytes  (Fig.  3b  and  c).  The  surface  of 
the  anode  materials  after  formation  with  either  electrolyte  con¬ 
tains  a  thin  amorphous  coating  consistent  with  the  formation  of  an 
SEI.  The  surface  coverage  is  similar  for  both  electrolytes.  The  aged 
LiPF6  anode  is  very  similar  to  the  formed  LiPF6  anode,  however, 
the  surface  of  the  aged  LiFOP  anode  is  different  than  the  formed 
LiFOP  anode  (Fig.  3d  and  e).  The  particles  of  the  aged  LiFOP  appear 
severely  damaged  or  covered  by  a  thick  SEI  layer. 

The  SEM  images  of  the  LiNi1/3Co1/3Mn1/302  cathode  fresh  and 
cycled  with  a  natural  graphite  anode  are  provided  in  Fig.  4.  There 


3.3.  XPS  analysis 

The  XPS  element  spectra  of  natural  graphite  anodes  fresh  and 
after  cycling  with  a  LiNi1/3Co1/3Mn1/302  cathode  are  provided  in 
Fig.  7  and  the  elemental  concentrations  are  summarized  in  Table  1. 
The  fresh  anode  is  primarily  composed  of  C  (85.0%)  with  a  low  con¬ 
centration  of  0  ( 1 5.0%)  due  to  the  CMS  binder.  The  Cl  s  spectrum  is 
dominated  by  the  peak  characteristic  of  graphite  at  284.3  eV.  The 
peak  at  532.5  eV  in  Ols  spectrum  is  the  characteristic  peak  of  the 
CMS  binder.  There  are  no  peaks  observed  in  the  FIs  or  P2p  spectra. 

The  surface  of  the  anode  after  formation  cycling  with  LiPF6  elec¬ 
trolyte  is  altered  and  consistent  with  the  formation  of  an  anode  SEI. 


Fig.  3.  SEM  images  of  natural  graphite  anode  cycled  with  LiNi1/3Co1/3Mn1/302  cathode  (a)  fresh;  (b)  formed  with  1.2  M  LiPF6  in  3:7  EC/EMC;  (c)  formed  with  1.2  M  LiFOP  in 
3:7  PC/EMC;  (d)  aged  with  1.2  M  LiPF6  in  3:7  EC/EMC;  (e)  aged  with  1.2  M  LiFOP  in  3:7  PC/EMC. 
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Fig.  4.  SEM  images  of  LiNi1/3Coi/3Mn1/302  cathode  (a)  fresh;  (b)  formed  with  1.2  M  LiPF6  in  3:7  EC/EMC;  (c)  formed  with  1.2  M  LiFOP  in  3:7  PC/EMC;  (d)  aged  with  1.2  M  LiPF6 
in  3:7  EC/EMC;  (e)  aged  with  1.2  M  LiFOP  in  3:7  PC/EMC. 


Table  1 

Elemental  analysis  of  natural  graphite  anode  cycled  with  LiNii/3Coi/3Mni/302 
cathode. 


Cls (%) 

Ols (%) 

FIs (%) 

P2p(%) 

Fresh  NG 

85.0 

15.0 

Formed  LiPF6 

68.9 

21.6 

9.5 

Aged  LiPF6 

45.3 

42.3 

10.5 

1.9 

Formed  LiFOP 

48.2 

31.5 

15.4 

4.9 

Aged  LiFOP 

29.9 

41.7 

22.8 

5.6 

The  concentration  of  carbon  is  decreased,  while  the  concentrations 
of  0  and  F  are  increased.  Peaks  characteristic  of  lithium  alkylcar- 
bonates  are  present  in  Cls  spectrum  at  ~289.5eV  and  286.5  eV 
and  in  the  Ols  spectrum  at  531.6  eV  and  533.5  eV.  In  the  FIs  spec¬ 
trum,  a  peak  characteristic  of  LiF  is  observed  at  685.0  eV.  The  anode 
extracted  from  a  cell  containing  LiPF6  electrolyte  after  accelerated 


aging  has  some  differences  compared  to  the  anode  after  formation 
cycling.  The  peaks  characteristic  of  lithium  alkylcarbonates  have 
greater  intensity  in  both  the  Cls  and  Ols  spectra.  There  is  an  addi¬ 
tional  peak  characteristic  of  Li*POyFz  at  687.0 eV  in  FIs  spectrum 
and  at  ~135  eV  in  P2p  spectrum. 

The  surface  chemistry  of  the  anode  after  formation  cycling  with 
LiFOP  electrolyte  is  different  from  the  anode  containing  LiPFg  elec¬ 
trolyte  after  formation  cycling.  The  concentration  of  carbon  is  lower 
(48.2%)  than  observed  for  the  anode  cycled  with  LiPF6  electrolyte 
after  formation  cycling  (68.9%),  and  the  concentration  of  O  and  F 
are  higher  suggesting  a  thicker  anode  SET  Analysis  of  Cl  s  spectrum 
reveals  that  in  addition  to  the  peak  for  graphite  at  284.3  eV  and 
peak  for  C— FI  containing  species  at  285.0  eV,  the  peaks  characteris¬ 
tic  of  lithium  alkyl  carbonates  and  polycarbonates  are  observed  at 
~289.5  eV  (C=0)  and  ~286.5  eV  (C— 0).  There  is  also  a  peak  char¬ 
acteristic  of  oxalate  containing  species  at  288  eV.  The  related  Ols 


Fig.  5.  SEM  images  of  natural  graphite  anode  cycled  with  LiFeP04  cathode  (a)  fresh;  (b)  formed  1.2  M  LiPF6  in  3:7  EC/EMC;  (c)  formed  with  1.2  M  LiFOP  in  3:7  PC/EMC;  (d) 
aged  1.2  M  LiPF6  in  3:7  EC/EMC;  (e)  aged  with  1.2  M  LiFOP  in  3:7  PC/EMC. 
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Fig.  6.  SEM  images  of  LiFeP04  cathode  (a)  fresh;  (b)  formed  with  1.2  M  LiPF6  in  3:7  EC/EMC;  (c)  formed  with  1.2  M  LiFOP  in  3:7  PC/EMC;  (d)  aged  with  1.2  M  LiPF6  in  3:7 
EC/EMC;  (e)  aged  with  1.2  M  LiFOP  in  3:7  PC/EMC. 
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Fig.  7.  XPS  spectra  of  natural  graphite  anode  cycled  with  LiNi1/3Coi/3Mn1/302  cathode  (a)  fresh;  (b)  formed  with  1.2  M  LiPF6  in  3:7  EC/EMC;  (c)  formed  with  1.2  M  LiFOP  in 
3:7  PC/EMC;  (d)  aged  with  1.2  M  LiPF6  in  3:7  EC/EMC;  (e)  aged  with  1.2  M  LiFOP  in  3:7  PC/EMC. 
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Fig.  8.  XPS  spectra  of  LiNi1/3Coi/3Mn1/302  cathode  (a)  fresh;  (b)  formed  with  1.2  M  LiPF6  in  3:7  EC/EMC;  (c)  formed  with  1.2  M  LiFOP  in  3:7  PC/EMC;  (d)  aged  with  1.2  M  LiPF6 
in  3:7  EC/EMC;  (e)  aged  with  1.2  M  LiFOP  in  3:7  PC/EMC. 


peaks  characteristic  of  C— 0  (533.5  eV)  and  C=0  (531.6  eV)  are  also 
present.  Differences  are  also  detected  in  the  FIs  spectra.  An  addi¬ 
tional  peak  characteristic  of  LixPOyFz  is  observed  at  687.0  eV.  The 
corresponding  P2p  peak  for  LixPOyFz  is  also  observed  at  ~135eV. 
After  aging  the  concentration  of  C  is  lowered  and  the  concentra¬ 
tions  of  0,  F,  and  P  are  increased  consistent  with  a  thicker  anode 
SEI.  The  spectra  of  the  aged  LiFOP  anode  are  similar  to  that  of  the 
formed  anode  except  that  the  intensity  of  the  peak  characteristic 
of  oxalates  at  288  eV  in  CIs  spectrum  has  greater  intensity. 

The  XPS  element  spectra  of  LiNi1/3Co1/3Mn1/302  cathodes  fresh 
and  cycled  with  natural  graphite  electrodes  are  provided  in  Fig.  8 
and  the  elemental  concentrations  are  summarized  in  Table  2.  Sur¬ 
face  analysis  of  the  cathode  after  formation  cycling  with  LiPF6 


Table  2 

Elemental  analysis  of  LiNi1/3Coi/3Mn1/302  cathode. 


CIs  (%) 

Ols (%) 

FIs  (%) 

P2p (%) 

Fresh  NCM 

65.3 

13.2 

21.5 

Formed  LiPF6 

59.6 

16.6 

23.8 

Aged  LiPF6 

53.9 

17.8 

27.6 

0.7 

Formed  LiFOP 

45.0 

25.5 

25.3 

4.2 

Aged  LiFOP 

38.5 

33.1 

24.9 

3.5 

electrolyte  indicates  that  the  concentration  of  C  is  decreased,  while 
the  concentration  of  O  and  F  are  increased.  The  CIs  spectrum  of 
fresh  LiNi1/3Co1/3Mn1/302  contains  three  peaks,  a  peak  for  graphite 
at  284.3  eV  and  peaks  for  PVdF  at  285.7  eV  and  290.4  eV.  The  peak 
characteristic  of  PVdF  can  also  be  seen  in  FI  s  spectrum  at  687.6  eV. 
The  Ols  spectrum  contains  a  peak  at  529.4  eV  characteristic  of 
metal  oxide  (M— O)  bond,  and  the  peak  at  531.6  eV  from  resid¬ 
ual  Li2C03  on  the  cathode  surface.  After  formation  cycling  with 
LiPF6  electrolyte,  a  new  peak  is  observed  in  the  FIs  spectrum  at 
685.0  eV,  which  supports  the  formation  of  lithium  fluoride  on  the 
surface  of  the  cathode.  The  CIs  and  Ols  spectra  are  very  sim¬ 
ilar  to  the  fresh  cathode  although  the  concentrations  of  C  and 
O  are  slightly  lower.  The  elemental  concentration  of  the  aged 
LiNi1/3  Co!  /3  Mn^  /3  02  cathode  in  LiPF6  electrolyte  is  similar  with  that 
of  the  formed  LiNi1/3Co!/3  Mn1/302  cathode  except  that  there  is  a 
low  concentration  of  P  present  on  the  surface  of  the  aged  electrode 
consistent  with  the  deposition  of  electrolyte  decomposition  prod¬ 
ucts.  The  CIs,  Ols  and  FIs  element  spectra  are  also  very  similar  to 
the  fresh  cathode.  However,  a  P2p  peak  characteristic  of  LixPOyFz 
can  be  detected  at  134.5  eV.  The  results  suggest  that  there  are  only 
small  changes  occurring  to  the  cathode  surface  upon  both  forma¬ 
tion  cycling  and  accelerated  aging  with  LiPF6  electrolyte. 
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Fig.  9.  XPS  spectra  of  natural  graphite  anode  cycled  with  LiFeP04  cathode  (a)  fresh;  (b)  formed  with  1.2  M  LiFOP  in  3:7  EC/EMC;  (c)  formed  with  1.2  M  LiFOP  in  3:7  PC/EMC; 
(d)  aged  with  1.2  M  LiFOP  in  3:7  EC/EMC;  (e)  aged  with  1.2  M  LiFOP  in  3:7  PC/EMC. 


Significant  changes  in  the  concentrations  of  C  and  O  are  observed 
on  the  surface  of  the  LiNi1/3Co1/3  Mn1/302  cathodes  after  formation 
cycling  or  accelerated  aging  with  LiFOP  electrolyte.  The  concen¬ 
tration  of  C  is  decreased  significantly  while  the  concentration  of 
O  and  P  are  increased  significantly  and  the  concentration  of  F  is 
slightly  increased.  The  changes  are  consistent  with  the  generation 
of  a  cathode  surface  film  composed  of  electrolyte  decomposition 
products.  The  aged  LiNi1/3Co1/3Mn1/302  cathode  cycled  with  LiFOP 
electrolyte  has  an  even  lower  concentration  of  C  and  higher  con¬ 
centration  of  0,  suggesting  that  the  film  formed  on  the  aged  sample 
is  thicker  than  the  film  on  the  formed  sample.  The  element  spec¬ 
tra  of  the  LiNi1/3Co1/3  Mn1/302  cathode  after  formation  cycling  and 
after  accelerated  aging  with  LiFOP  electrolyte  are  very  similar.  The 
01  s  peak  characteristic  of  M— 0  becomes  smaller,  indicating  a  thick 
coating  on  the  surface  of  the  cathode.  The  peaks  characteristic  of 
C— 0  and  C=0  containing  species  including  lithium  alkyl  carbonates 
and  oxalates  are  observed  at  286.5  eV  and  289.5  eV  in  Cl  s  spectrum 
and  533.5  eV  and  531.5  eV  in  01s  spectrum,  respectively. 

The  XPS  element  spectra  of  natural  graphite  anodes  fresh  and 
cycled  with  LiFeP04  cathodes  are  provided  in  Fig.  9  and  the  ele¬ 
mental  concentrations  are  summarized  in  Table  3.  The  trend  in 
change  of  elemental  concentrations  observed  in  Table  3  is  similar 
to  the  trend  in  Table  1  suggesting  similar  surface  chemistry.  After 


formation  cycling  with  LiPF6  electrolyte,  peaks  characteristic  of 
C— 0  and  C=0  containing  species  are  observed  in  CIs  spectrum 
and  01s  spectrum  and  peaks  characteristic  of  LiF  and  LixPFyOz  are 
observed  in  the  FIs  and  P2p  spectra.  The  spectral  changes  are  very 
similar  to  those  observed  for  the  natural  graphite  anodes  cycled 
with  LiPF6  electrolyte  and  LiNi1/3Co1/3Mn1/302  cathodes. 

The  surface  of  the  natural  graphite  anode  after  formation  cycling 
with  LiFOP  electrolyte  and  a  LiFeP04  cathode  contains  higher  con¬ 
centrations  of  peaks  characteristic  of  C— 0  and  C=0  than  was 
observed  with  LiPF6  electrolyte.  This  is  consistent  with  the  gen¬ 
eration  of  a  thicker  anode  SEI  film  with  LiFOP  electrolyte  than 
with  LiPF6  electrolyte.  After  accelerated  aging,  the  intensity  of 
the  peaks  characteristic  of  C=0  and  C— 0  containing  species  are 


Table  3 

Elemental  analysis  of  natural  graphite  anode  cycled  with  LiFeP04  cathode. 


CIs  (%) 

01s (%) 

FIs  (%) 

P2p  (%) 

Fresh  NG 

85.0 

15.0 

Formed  LiPF6 

54.3 

24.6 

19.6 

1.5 

Aged  LiPF6 

41.3 

30.8 

23.3 

4.6 

Formed  LiFOP 

41.8 

38.3 

16.2 

3.7 

Aged  LiFOP 

25.5 

42.6 

26.9 

5.0 
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Fig.  10.  XPS  spectra  of  LiFeP04  cathode  (a)  fresh;  (b)  formed  with  1.2  M  LiFOP  in  3:7  EC/EMC;  (c)  formed  with  1.2  M  LiFOP  in  3:7  PC/EMC;  (d)  aged  with  1.2  M  LiFOP  in  3:7 
EC/EMC;  (e)  aged  with  1.2  M  LiFOP  in  3:7  PC/EMC. 


further  increased.  The  results  are  similar  to  that  observed  for  nat¬ 
ural  graphite/LiNi1/3Co1/3Mn1/302  cells  described  above. 

The  XPS  element  spectra  of  LiFeP04  cathodes  fresh  and  cycled 
with  natural  graphite  anodes  are  provided  in  Fig.  10  and  the 
elemental  concentrations  are  summarized  in  Table  4.  The  fresh 
LiFeP04  cathode  contains  CIs  peaks  for  graphite  (284.3 eV)  and 
PVDF  (285.7  eV  and  290.4  eV),  an  01  s  peak  for  LiFeP04  (53 1 .2  eV),  a 
FI  s  peak  for  PVDF  (687.6  eV)  and  a  P2p  peak  for  LiFeP04  (133.2  eV). 
Changes  to  the  surface  of  the  LiFeP04  cathodes  cycled  with  nat¬ 
ural  graphite  and  LiPF6  or  LiFOP  electrolyte  are  similar  to  those 
observed  with  the  natural  graphite/LiNi1/3Co1/3Mn1/302  cells.  The 
elemental  concentrations  of  the  cathodes  extracted  from  cells  after 
formation  cycling  or  accelerated  aging  are  similar  to  those  of  fresh 
LiFeP04  cathode.  After  formation  cycling  or  accelerated  aging  with 


Table  4 

Elemental  analysis  of  LiFeP04  cathode. 


CIs  (%) 

Ols  (%) 

FIs  (%) 

P2p (%) 

Fresh  LiFeP04 

57.9 

18.4 

17.7 

5.5 

Formed  LiPF6 

53.7 

21.7 

19.7 

4.9 

Aged  LiPF6 

52.5 

23.0 

19.4 

5.1 

Formed  LiFOP 

48.8 

29.7 

15.3 

6.2 

Aged  LiFOP 

41.0 

32.9 

20.4 

5.6 

LiFOP  electrolyte  the  concentration  of  C  is  decreased  and  the  con¬ 
centration  of  O  is  increased  on  the  LiFeP04  surface.  The  changes 
in  elemental  concentration  suggest  that  the  surface  film  on  the 
LiFeP04  cathode  is  very  thin  in  LiPF6  electrolyte  and  thicker  in 
the  LiFOP  electrolyte.  The  element  spectra  of  the  LiFeP04  surfaces 
further  support  this  assertion.  The  element  spectra  of  the  LiFeP04 
cathode  cycled  with  LiPF6  electrolyte  and  a  natural  graphite  anode 
are  very  similar  to  the  fresh  LiFeP04  cathode.  The  CIs  spectrum  of 
LiFeP04  cathode  after  formation  cycling  and  accelerated  aging  are 
similar  and  contain  peaks  characteristic  of  C— O  and  C=0  containing 
species  at  286.5  eV  and  289.5  eV,  respectively.  The  corresponding 
Ols  peaks  are  also  present  at  533.5  eV  and  531.5  eV.  The  changes 
to  the  LiFeP04  cathode  surface  are  similar  to  that  observed  on  the 
surface  of  LiNi1/3Coi/3Mn1/302  cathodes  as  discussed  above. 


3.4.  FT-IR  spectra 

FT-IR  spectra  of  natural  graphite  anode  fresh  and  cycled  with 
LiNi1/3Co1/3Mn1/302  cathode  are  depicted  in  Fig.  11.  The  absorp¬ 
tion  bands  in  the  spectrum  of  fresh  natural  graphite  result  from  the 
CMC  and  SBR  binders.  The  IR  spectrum  of  the  anode  after  forma¬ 
tion  cycling  with  LiPF6  electrolyte  appears  very  similar  to  the  fresh 
natural  graphite  anode.  The  IR  spectrum  of  the  natural  graphite 
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Fig.  11.  FT-IR  spectra  of  natural  graphite  anode  cycled  with  LiNii/3Coi/3Mn1/302 
cathode  (a)  fresh;  (b)  formed  with  1.2  M  LiPF6  in  3:7  EC/EMC;  (c)  formed  with  1.2  M 
LiFOP  in  3:7  PC/EMC;  (d)  aged  with  1.2  M  LiPF6  in  3:7  EC/EMC;  (e)  1.2  M  LiFOP  in  3:7 
PC/EMC. 

anode  after  accelerated  aging  with  the  LiPF6  electrolyte  contains  an 
additional  peak  at  1427  cm-1  characteristic  of  lithium  carbonate. 

The  IR  spectrum  of  the  natural  graphite  anode  after  formation 
cycling  with  LiFOP  electrolyte  is  quite  different  from  that  of  the 
natural  graphite  anode  after  formation  cycling  with  LiPF6  elec¬ 
trolyte.  The  presence  of  lithium  oxalate  is  supported  by  a  peak  at 
~1640cm-1  and  poly(ethylenecarbonate)  is  supported  by  a  peak 
at  1 760  cm-1 .  After  accelerated  aging  the  intensity  of  the  peaks  for 
lithium  oxalate  and  poly(ethylenecarbonate)  increase  and  a  new 
absorption  at  ~1 300  cm-1  characteristic  of  lithium  alkyl  carbonates 
is  observed. 

Fig.  12  contains  the  FT-IR  spectra  of  LiNi1/3Co1/3Mn1/302  cath¬ 
ode  fresh  and  after  cycling  with  a  natural  graphite  anode.  The 
peaks  of  PVdF  binder  are  observed  at  1400  cm-1,  1175  cm-1 
and  879  cm-1  on  the  fresh  LiNi1/3Co1/3Mn1/302  cathode.  The  IR 
spectra  of  the  cathode  after  formation  cycling  or  accelerated 
aging  with  LiPF6  electrolyte  are  very  similar  to  the  IR  spectra 


Fig.12.  FT-IRspectraofLiNi1/3Coi/3Mn1/302  cathode  (a)  fresh;  (b)  formed  with  1.2  M 
LiPF6  in  3 : 7  EC/EMC;  (c)  formed  with  1 .2  M  LiFOP  in  3 : 7  PC/EMC;  (d)  aged  with  1 .2  M 
LiPF6  in  3:7  EC/EMC;  (e)  1.2  M  LiFOP  in  3:7  PC/EMC. 


Fig.  13.  FT-IR  spectra  of  natural  graphite  anode  cycled  with  LiFeP04  cathode  (a) 
fresh;  (b)  formed  with  1.2  M  LiPF6  in  3:7  EC/EMC;  (c)  formed  with  1.2  M  LiFOP  in  3:7 
PC/EMC;  (d)  aged  with  1.2  M  LiPF6  in  3:7  EC/EMC;  (e)  1.2  M  LiFOP  in  3:7  PC/EMC. 

of  the  fresh  LiNi1/3Co1/3Mn1/302  cathode.  The  IR  spectra  of  the 
LiNi!  j3 Co ! /3  Mnt /3 02  cathode  after  formation  cycling  or  accelerated 
aging  with  LiFOP  electrolyte  contain  an  additional  absorption  at 
1640  cm-1  characteristic  of  lithium  oxalate.  The  results  are  consis¬ 
tent  with  the  XPS  data  of  LiNi1/3  Co!  /3 Mnt  /3 02  cathodes  cycled  with 
LiFOP  electrolyte. 

FT-IR  spectra  of  natural  graphite  anode  fresh  and  cycled  with 
LiFeP04  cathode  are  provided  in  Fig.  13.  The  IR  spectra  of  the  natural 
graphite  after  formation  cycling  with  LiPF6  electrolyte  contain  new 
absorptions  at  1440  cm-1  and  1650  cm-1  characteristic  of  lithium 
carbonates  and  lithium  alkyl  carbonates,  respectively.  The  IR  spec¬ 
trum  after  accelerated  aging  with  LiPF6  electrolyte  is  similar  to  the 
spectrum  after  formation  cycling. 

The  IR  spectra  of  a  natural  graphite  anode  after  formation  cycling 
with  LiFOP  electrolyte  contains  a  similar  peak  at  1650  cm-1  con¬ 
sistent  with  the  presence  of  lithium  alkylcarbonates  or  lithium 
oxalate  and  an  additional  peak  at  1780  cm-1  characteristic  of 


Fig.  14.  FT-IR  spectra  of  LiFeP04  cathode  (a)  fresh;(b)  formed  with  1.2  M  LiPF6  in 
3:7  EC/EMC;  (c)  formed  with  1.2  M  LiFOP  in  3:7  PC/EMC;  (d)  aged  with  1.2  M  LiPF6 
in  3:7  EC/EMC;  (e)  1.2  M  LiFOP  in  3:7  PC/EMC. 
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poly(ethylenecarbonate).  After  accelerated  aging  the  peak  of 
poly(ethylenecarbonate)  is  no  longer  observed  and  a  new  peak 
is  observed  at  1442  cm-1  suggesting  the  presence  of  Li2C03.  The 
changes  in  the  composition  of  the  anode  SEI  is  consistent  with 
significant  damage  occurring  to  the  SEI  during  the  aging  process. 

A  similar  trend  is  observed  in  the  IR  spectra  of  the  LiFeP04 
cathodes  as  depicted  in  Fig.  14.  The  spectral  region  from  800  to 
1200  cm-1  is  dominated  by  the  P—O  absorptions  of  LiFeP04.  An 
inset  highlighting  the  IR  spectral  region  between  2200  cm-1  and 
1300  cm-1  is  included  in  Fig.  14.  The  IR  spectra  of  the  LiFeP04 
cycled  with  LiPF6  electrolyte  are  very  similar  to  the  fresh  cath¬ 
ode  suggesting  very  little  change  to  the  surface.  The  IR  spectrum 
of  the  LiFeP04  cathode  after  formation  cycling  with  LiFOP  elec¬ 
trolyte  contains  additional  peaks  at  1 650  and  1780  cm-1  suggesting 
that  lithium  oxalate  and  poly(ethylenecarbonate)  are  present.  After 
accelerated  aging  of  the  LiFeP04  cathode  with  the  LiFOP  electrolyte, 
the  peak  for  poly(ethylenecarbonate)  is  no  longer  observed  while 
the  lithium  oxalate  is  retained. 

4.  Conclusions 

The  use  of  propylene  carbonate  (PC)  in  lithium  battery  elec¬ 
trolytes  has  been  limited  due  to  graphite  exfoliation  in  the  presence 
of  LiPFg/PC  electrolytes.  The  use  of  the  novel  lithium  salt  lithium 
tetrafluorooxalatophosphate  (LiFOP)  allows  reversible  cycling  with 
PC  based  electrolytes.  The  low  temperature  cycling  performance  of 
cells  with  LiFOP/PC  electrolyte  is  superior  to  similar  LiPF6/EC  elec¬ 
trolytes.  However,  after  accelerated  aging  the  room  temperature 


performance  of  cells  with  LiFOP/PC  electrolyte  is  inferior  to  LiPFg /EC 
electrolytes  after  accelerated  aging.  Surface  analysis  of  cells  after 
formation  cycling  suggests  that  LiFOP/PC  electrolytes  generate  a 
unique  and  stable  anode  SEI  which  prevents  graphite  exfoliation 
by  PC  due  to  the  presence  of  lithium  oxalate.  Surface  analysis  of 
samples  after  accelerated  aging  indicate  that  the  SEI  film  formed  on 
the  cells  cycled  with  LiFOP/PC  electrolyte  is  significantly  damaged 
during  accelerated  aging  leading  to  decreased  capacity  retention. 
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